We analyse the impact of recent solar and atmospheric data in the determination of the neutrino oscillation parameters, taking into account that both the solar ν e and the atmospheric ν µ may convert to a mixture of active and sterile neutrinos. In addition to the recent SNO neutral current (NC), spectral and day/night data we add the latest 1496-day solar and 1489-day atmospheric Super-K neutrino data samples. By investigating in detail the impact of the recent SNO NC, spectral and day/night data, we confirm the clear preference of the LMA solution of the solar neutrino problem and obtain that the LOW, VAC, SMA solutions are disfavoured with a ∆χ 2 = 9, 9, 23, respectively. Furthermore, we find that the global solar data constrains the admixture of a sterile neutrino to be less than 45% at 99% C.L.. A pure sterile solution is ruled out with respect to the active one at 99.996% C.L.. By performing an improved fit of the atmospheric data, we also update the corresponding regions of oscillation parameters. We find that the recent atmospheric Super-K (1489-day) and MACRO data have a strong impact on constraining a sterile component in atmospheric oscillations: if the ν µ is restricted to the atmospheric mass states only a sterile admixture of 16% is allowed at 99% C.L., while a bound of 35% is obtained in the unconstrained case. Pure sterile oscillations are disfavoured with a ∆χ 2 = 34.6 compared to the pure active case.
Introduction
Apart from confirming, yet again, the long-standing solar neutrino problem [1, 2, 3, 4, 5] , the recent results from the Sudbury Neutrino Observatory (SNO) on neutral current events [6, 7] have given strong evidence that solar neutrinos convert mainly to an active neutrino flavor. In addition, valuable spectral and day/night information has been provided [6, 7] . This adds to the already robust evidence that an extension of the Standard Model of particle physics is necessary in the lepton sector. Although certainly not yet unique, at least for the case of solar neutrinos, which can be accounted well by spin-flavor precession [8] or non-standard neutrino matter interactions [9] , the most popular joint explanation of solar and atmospheric experiments is provided by the neutrino oscillations hypothesis, with neutrino mass-squared differences of the order of ∆m 2 sol 10 −4 eV 2 and ∆m 2 atm ∼ 2 × 10 −3 eV 2 , respectively. In the wake of the recent SNO-NC results we have re-analized the global status of current neutrino oscillation data including these and the remaining solar data [1, 2, 3, 4, 5, 6, 7] as well as the current atmospheric [10, 11] samples, including the 1489 days Super
Kamiokande data [12] and the most recent MACRO data [13] . Motivated by the stringent limits from reactor experiments [14] we will adopt an effective two-neutrino approach in which solar and atmospheric analyses decouple. However the effective two-neutrino approach which we will adopt is generalized in the sense that it takes into account that a light sterile neutrino [15, 16, 17, 18, 19, 20] , advocated to account for the LSND anomaly [21] , may take part in both solar and atmospheric conversions. In other words we will re-evaluate the status of current solar and atmospheric neutrino data and give a new determination of neutrino oscillation parameters assuming that both the solar ν e and the atmospheric ν µ may convert to a mixture of active and sterile neutrinos. For recent global analyses of all current neutrino oscillation data, including negative short-baseline data and the LSND experiment, in the framework of four-neutrino oscillations see Refs. [22, 23] .
The plan of the paper is as follows. In Sec. 2.1 we set our notations for solar oscillations in the presence of active-sterile admixture. This admixture is described by a parameter 0 ≤ η s ≤ 1. In Sec. 2.2 we briefly describe the solar neutrino data and their analysis.
In Sec. 2.3 we present the results of our analysis, aimed at studying the impact of recent solar data in the determination of the solar neutrino oscillation parameters, assuming, as mentioned, that the ν e may convert to a mixture of active and sterile neutrinos. We give the regions of oscillation parameters for different allowed η s values, display the global behavior of ∆χ 2 sol (∆m 2 sol ) and ∆χ 2 sol (θ sol ), calculated with respect to the favored active LMA solution, and evaluate the impact of the SNO NC, spectral and day/night data.
Present solar data exhibit a higher degree of rejection against non-LMA and/or non-active oscillation solutions, which we quantify, giving also the absolute goodness of fit (GOF) of various oscillation solutions. Our results are briefly compared with those obtained in other recent analyses [24, 25, 26, 27, 28, 29] . In Sec. 3.1 we set our notations for atmospheric oscillations in the presence of active-sterile admixture. In Sec. 3.2 we briefly describe the atmospheric neutrino data and their analysis. In Sec. 3.3 we describe our results for atmospheric oscillation parameters in an improved global fit of current atmospheric neutrino data. We quantify the impact both of our improved analysis as well as that of the recent data in rejecting against the sterile oscillation hypothesis. We update the corresponding regions of oscillation parameters and display the global behavior of ∆χ 2 atm (∆m 2 atm ) and ∆χ 2 atm (θ atm ). We compare the situation before-and-after the recent 1489-day atmospheric Super-K data samples and give the present GOF of the oscillation hypothesis. Finally in Sec. 4 we present our conclusions.
Solar neutrinos

Active-sterile solar neutrino oscillations
In the following we will analyze solar neutrino data in the general framework of mixed active-sterile neutrino oscillations. In this case the electron neutrino produced in the sun converts into a combination of an active non-electron neutrino ν x (which again is a combination of ν µ and ν τ ) and a sterile neutrino ν s :
The parameter η s with 0 ≤ η s ≤ 1 describes the fraction of the sterile neutrino participating in the solar oscillations. Therefore, the oscillation probabilities depend on the three parameters ∆m 2 sol , θ sol and η s . The natural framework of light sterile neutrinos participating in oscillations are four-neutrino mass schemes, proposed to account for the LSND result [21] in addition to solar and atmospheric neutrino oscillations. For previous studies of solar neutrino oscillation in a four-neutrino framework see Refs. [20, 30, 31] and for an exact definition of the solar parameters and adopted approximations see Ref. [22] .
Data and analysis
As experimental data, we use the solar neutrino rates of the chlorine experiment Home- of which are further divided into 7 zenith angle bins). In addition to this, we include the latest results from SNO presented in Refs. [6, 7] , in the form of 34 data bins (17 energy bins for each day and night period). Therefore, in our statistical analysis we use 3+44+34 = 81 observables, which we fit in terms of the three parameters ∆m 2 sol , θ sol and η s , with a χ 2 sol of the form
In order to fully isolate the impact of the recent neutral current, spectral and day/night information of the SNO result, we also present an analysis which does not include such information. To this aim we use only the SNO events with energy higher than 6.75 MeV, for which the NC component is negligible [5] . We sum these events to a single rate, combining For the neutrino cross sections of Chlorine, SAGE, GALLEX/GNO and Super-K we assume the same as used in previous papers [34, 35, 36] , while for the CC and NC neutrino deuteron differential cross sections relevant for SNO we use the tables given in [37] . The contribution of the cross-section uncertainties to the covariance matrix for the Chlorine and Gallium experiments is calculated as suggested in Ref. [38] . The neutrino survival probability P ee is extracted from the neutrino evolution operator U, which we factorize as a product of three factors U sun , U vac and U earth corresponding to propagation in the Sun, vacuum, and Earth, respectively. The first and last factors include matter effects with the corresponding density profiles given in Refs.
[32] and [39] . As a simplifying approximation, we assume that U sun depends only on the neutrino production point x 0 , U vac only on the Sun-Earth distance L and U earth depends only on the zenithangle ζ of the incoming neutrinos. Therefore in our calculations we neglect the small correlation between seasonal effects and day-night asymmetry [40] . For each value of the neutrino oscillation parameters ∆m 2 sol /E, θ sol and η s we calculate the neutrino survival probability P ee by averaging over x 0 , L and ζ, properly accounting for all the interference terms between U sun , U vac and U earth .
Special care is taken in including all the theoretical and experimental errors and their cross-correlations in the calculation of the covariance matrix, for which we follow the description of Ref. [29] (covariance approach). In particular, the errors associated to the Boron-flux shape, the energy-scale and the energy-resolution uncertainties of the SuperKamiokande and SNO experiments are recalculated for each point in parameter space. 1 We choose not to include the flux indicated by the recent S17 measurement of Ref. [33] . 
Results and discussion
In order to determine the expected event numbers for the various solar neutrino experiments we calculate the ν e survival probability for each point in parameter space of (tan 2 θ sol , ∆m 2 sol , η s ) and convolute it with the Standard Solar Model neutrino fluxes [32] and the relevant neutrino cross sections. We have compared such expected event numbers with the data described above, taking into account the detector characteristics and appropriate response functions. Using the above-mentioned χ 2 sol we have performed a global fit of solar neutrino data, whose results we now summarize.
Our global best fit point occurs for the values
and correspond to η s = 0. We obtain a χ 2 min = 66.1 for 81 − 3 d.o.f., leading to the excellent goodness of fit of 83%. In Fig. 1 because we also constrain the parameter η s .
Next we notice the enhanced discrimination against non-LMA solutions implied by the new data, apparent in Figs. 1, 2 and 3. This shows that the first hints [34] in favor of a globally preferred LMA oscillation solution which followed mainly from the flatness of the Super-K spectra, have now become a robust result, thanks to the additional data, to which SNO has contributed significantly 2 . One sees that, in contrast with the SNO rate CC situation, non-LMA solutions do not appear at 95% C.L.. However, the LOW and VAC solutions still appear at 99% C.L. for 3 d.o.f..
In order to concisely illustrate the above results we display in Fig. 2 Note that especially SMA is highly disfavoured with respect to LMA.
In addition to the scrutiny of the different neutrino oscillation solutions in the solar neutrino oscillation parameters ∆m 2 sol and θ sol , the present solar data can test the sterile neutrino oscillation hypothesis, characterized by the parameter η s introduced above. The results can be presented in several equivalent ways. For example, rejection of sterile solar neutrino oscillations is already hinted by comparing the middle and right panels of Fig. 1 with the left one, corresponding to the pure active oscillation case: clearly the solutions deteriorate as η s increases. Furthermore, the lines for η s = 0.5 and η s = 1 shown in Fig. 2 clearly show that sterile solutions are strongly disfavored with respect to pure active solutions.
In order to concisely illustrate the above results we display in Fig. 3 . In summary, we have found that, as long as the admixture of sterile neutrinos is acceptably small, the LMA is always the best of the oscillation solutions, establishing its robustness also in our generalized oscillation scheme.
To round off our discussion of the solar neutrino fit update we present in Fig. 4 the ν e survival probability versus energy E for the various solutions LMA, LOW and VAC, calculated as described above at the local χ 2 -minima given in Tab. presented in Ref. [29] . Unfortunately in this reference only the case of active oscillations (η s = 0) is considered. We also find good agreement with the results of other groups, e.g. Ref. [24, 25, 28] , though not as quantitative, due to the differences in the analysis. For example, some of them include SNO and/or Super-K data in a different way. For the LMA case we also find good agreement with the results of Ref. [27] . In contrast, we find a sizable discrepancy with the results quoted in Ref. [26] , especially regarding the SMA "solution".
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Atmospheric neutrinos
Active-sterile atmospheric neutrino oscillations
In our analysis of atmospheric data we will make use of the hierarchy ∆m 2 sol ≪ ∆m 2 atm and neglect the solar mass splitting. Further, in order to comply with the strong constraints from reactor experiments [14] we completely decouple the electron neutrino from atmospheric oscillations 3 . In the following we will consider atmospheric neutrino data in a generalized oscillation scheme in which a light sterile neutrino takes part in the oscillations. The setting for such scenarios are four-neutrino mass schemes [15, 16, 17] . In such schemes, besides the solar and atmospheric mass-splittings, there is also a large ∆m 2 motivated by the LSND experiment [21] . In contrast with the case of solar ν e oscillations, the constraints on the ν µ -content in atmospheric oscillations are not so stringent: in fact such constrains are provided by atmospheric data themselves [43] . As a result to describe atmospheric neutrino oscillations in this general framework [22, 31] we need two more parameters besides the standard 2-neutrino oscillation parameters θ atm and ∆m 2 atm . We will use the parameters d µ and d s already introduced in Ref. [22] , and defined in such a way that 1 − d µ (1 − d s ) corresponds to the fraction of ν µ (ν s ) participating in oscillations with ∆m 2 atm . Hence, pure active atmospheric oscillations with ∆m 2 atm are recovered in the limit d µ = 0 and d s = 1. In four-neutrino models there is a mass scheme-dependent relationship between d s and the solar parameter η s . For details see Ref. [22] .
We will also perform an analysis by imposing the constraint d µ = 0. In such "restricted" analysis the ν µ is completely constrained to the atmospheric mass states. Only in this limit the parameter d s has a similar interpretation as η s introduced in the solar case.
For d µ = 0 we obtain that ν µ oscillates into a linear combination of ν τ and ν s with ∆m 2 atm :
Data and analysis
For the atmospheric data analysis we use all the charged-current data from the Super Kamiokande [12] and MACRO [13] experiments. The Super Kamiokande data include the 3 For a dedicated study of these issues see Ref. [42] .
e-like and µ-like data samples of sub-and multi-GeV contained events (10 bins in zenith angle), as well as the stopping (5 angular bins) and through-going (10 angular bins) upgoing muon data events. We do not use the information on multi-ring µ and neutral-current events since an efficient Monte-Carlo simulation of these data sample would require a more detailed knowledge of the Super Kamiokande experiment, and in particular of the way the neutral-current signal is extracted from the data. Such an information is presently not available to us. From MACRO we use the through-going muon sample divided in 10 angular bins [13] .
Our statistical analysis of the atmospheric data is similar to that used in Ref. [22] , except that we now take advantage of the new Super Kamiokande data and of the full tenbin zenith-angle distribution for the contained events, rather than the five-bin distribution employed previously. Therefore, we have now 65 observables, which we fit in terms of the four relevant parameters ∆m 2 atm , θ atm , d µ and d s :
Concerning the theoretical Monte-Carlo, we improve the method presented in Ref. [35] by properly taking into account the scattering angle between the incoming neutrino and the scattered lepton directions. This was already the case for Sub-GeV contained events, however previously [22] we made the simplifying assumption of full neutrino-lepton collinearity in the calculation of the expected event numbers for the Multi-GeV contained and up-going-µ data samples. While this approximation is still justified for the stopping and thru-going muon samples, in the Multi-GeV sample the theoretically predicted value for down-coming ν µ is systematically higher if full collinearity is assumed. The reason for this is that the strong suppression observed in these bins cannot be completely ascribed to the oscillation of the down-coming neutrinos (which is small due to small travel distance). Because of the non-negligible neutrino-lepton scattering angle at these Multi-GeV energies there is a sizable contribution from up-going neutrinos (with a higher conversion probability due to the longer travel distance) to the down-coming leptons. However, this problem is less visible when the angular information of Multi-GeV events is included in a five angular bins presentation of the data, as previously assumed [44] .
Results and Discussion
Folding together the atmospheric neutrino fluxes [45] , our calculated neutrino survival probabilities including Earth matter effects with the profile of Ref. [39] , and the relevant neutrino cross sections, we determine the expected event numbers for the various atmospheric neutrino observables, taking into account the appropriate detector response characteristics. Comparing with the data described in Sec. 3.2, we have performed a global fit of the atmospheric neutrino data using the above-discussed χ 2 atm , following the same method used in Ref. [35] . We now summarize the main features of this fit.
Our global best fit point occurs at the parameter values
and d s = 0.92, d µ = 0.04. We see that atmospheric data prefers a small sterile neutrino admixture. However, this effect is not statistically significant, also the pure active case
gives an excellent fit: the difference in χ 2 with respect to the best fit point is only ∆χ 2 act−best = 3.3. For the pure active best fit point we obtain
with the 3σ ranges (1 d.o.f.)
The determination of the parameters θ atm and ∆m 2 atm is summarized in Figs. 5 and 6. At a given C.L. we cut the χ 2 atm at a ∆χ 2 determined by 4 d.o.f. to obtain 4-dimensional In Fig. 7 we summarize the behaviour of atmospheric χ 2 with respect to the param- we observe that all the new data except the Sub-GeV sample lead to a significant higher rejection against sterile oscillations. In combination with MACRO data the 1289 days Super-K gave a difference between pure sterile and active oscillations of ∆χ 2 s−a = 17.8, whereas with the recent data we obtain 8) showing that pure sterile oscillations are highly disfavoured with respect to the active ones 4 .
Let us note that MACRO data give an important contribution to this effect: MACRO alone disfavours the sterile oscillations already with ∆χ 2 s−a = 9.0. These limits on the sterile admixture are significantly stronger than obtained previously [22] and play an important role in ruling out four-neutrino oscillation solutions in a combined global analysis of the LSND anomaly [23] . Note, however, that in contrast with the case of d s , there is no substantial improvement in constraining the parameter d µ due to the new data, as seen in Fig. 7 (c) . 74.9 15% 34.6 Table 2 : Atmospheric neutrino best-fit oscillation parameters for pure active and pure sterile oscillations for the various data samples.
In order to better appreciate the excellent quality of the neutrino oscillation description of the present atmospheric neutrino data sample we display in Fig. 8 the zenith angle distribution of atmospheric neutrino events. Clearly, active neutrino oscillations describe the data very well indeed. In contrast, no oscillations can be visually spotted as being inconsistent. On the other hand conversions to sterile neutrinos lead to an excess of events for neutrinos crossing the core of the Earth, in all the data samples except sub-GeV.
Conclusions
Prompted by the recent data on solar and atmospheric neutrinos we have reanalised the global status of oscillation solutions, taking into account the that both the solar ν e and the atmospheric ν µ may convert to a mixture of active and sterile neutrinos. In addition to the SNO neutral current, spectral and day/night (SNO SP,DN CC,NC ) results we add the latest 1496-day solar and 1489-day atmospheric Super-K neutrino data samples.
We have studied the impact of the recent solar data in the determination of the regions of oscillation parameters for different allowed η s values, displaying the global behavior of ∆χ 2 sol (∆m 2 sol ) and ∆χ 2 sol (θ sol ), calculated with respect to the favored active LMA solution. We have investigated in detail the impact of the full Cl + Ga rates + Super-K spectra + SNO SP,DN CC,NC data, compared to the situation when the this year's SNO data is left out. We confirm the clear preference for the LMA solution of the solar neutrino problem and obtain that the LOW, VAC, SMA solutions are disfavoured with a ∆χ 2 = 9, 9, 23, respectively. In addition, we find that the global solar data sample constrains admixtures of a sterile neutrino to be smaller than 45% at 99% C.L.. A pure sterile solution is ruled out with respect to the active one at 99.996% C.L.. For allowed sterile neutrino admixtures LMA is always the best of all the oscillation solutions. We remark, however, the existence of non-oscillation solutions [8, 9] . These will be crucially tested at the up-coming KamLAND reactor experiment [46] .
By performing an improved fit of the atmospheric data, we have also updated the corresponding regions of oscillation parameters for the case where the atmospheric ν µ convert to a mixture of active and sterile neutrinos. We have displayed the global behavior of ∆χ 2 atm (∆m 2 atm ) and ∆χ 2 atm (θ atm ) for different allowed values of the sterile neutrino admixture in the atmospheric channel. We have compared the situation before-and-after the recent 1489-day atmospheric Super-K data samples and shown that the GOF of the oscillation hypothesis is excellent. We have found that the recent 1489-day atmospheric Super-K data strongly constrain a sterile component in atmospheric oscillations: if the ν µ is restricted to the atmospheric mass states only a sterile admixture of 16% is allowed at 99% C.L., while a bound of 35% is obtained in the unconstrained case. Pure sterile oscillations are disfavoured with a ∆χ 2 = 34.6 compared to the active case.
